Cloning and sequencing of the upstream region of the gene of the CC chemokine HCC-1 led to the discovery of an adjacent gene coding for a CC chemokine that was named ''HCC-2.'' The two genes are separated by 12-kbp and reside in a head-to-tail orientation on chromosome 17. At variance with the genes for HCC-1 and other human CC chemokines, which have a three-exon-two-intron structure, the HCC-2 gene consists of four exons and three introns. Expression of HCC-2 and HCC-1 as studied by Northern analysis revealed, in addition to the regular, monocistronic mRNAs, a common, bicistronic transcript. In contrast to HCC-1, which is expressed constitutively in numerous human tissues, HCC-2 is expressed only in the gut and the liver. HCC-2 shares significant sequence homology with CK␤8 and the murine chemokines C10, CCF18͞MRP-2, and macrophage inf lammatory protein 1␥, which all contain six instead of four conserved cysteines. The two additional cysteines of HCC-2 form a third disulfide bond, which anchors the COOHterminal domain to the core of the molecule. Highly purified recombinant HCC-2 was tested on neutrophils, eosinophils, monocytes, and lymphocytes and was found to exhibit marked functional similarities to macrophage inf lammatory protein 1␣. It is a potent chemoattractant and inducer of enzyme release in monocytes and a moderately active attractant for eosinophils. Desensitization studies indicate that HCC-2 acts mainly via CC chemokine receptor CCR1.
We recently have isolated and characterized a new human CC chemokine, HCC-1 (1), which is structurally similar to macrophage inflammatory protein (MIP)-1␣ (46% amino acid identity) and occurs in high concentrations in human plasma like MIP-1␥ in murine blood. Northern blot analysis revealed that, in contrast to other chemokines, HCC-1 is expressed constitutively at high levels in numerous human tissues. We further showed that HCC-1 interacts with receptors that also recognize MIP-1␣ and RANTES and stimulates the proliferation of CD34 ϩ myeloid progenitor cells in vitro. In the present paper, we report the discovery and characterization of a CC chemokine, HCC-2, that arises from a gene that is arranged in tandem with the gene of HCC-1 on chromosome 17. Mono-as well as bicistronic transcripts of the two genes were detected. Recombinant HCC-2 was expressed and shown to act mainly on monocytes and eosinophils in a similar manner as MIP-1␣.
MATERIALS AND METHODS
Cell Culture. Cell lines (T84, HUH-7) were purchased from the American Type Culture Collection and maintained in DMEM supplemented with 10% fetal calf serum.
Oligonucleotides. The oligo-deoxyribonucleotides used were synthesized chemically (Perkin-Elmer) and are listed in Table 1 .
Gene Cloning and Characterization. A human genomic library in phage (Stratagene) was screened as described (2) by using a partial 269-bp, HCC-1-specific cDNA fragment (1) as a probe. Three independent clones were isolated, and the SstI restriction fragments of one of them were subcloned into pBSK ϩ . Both strands of the HCC-1 and HCC-2 genes were sequenced by the method of Sanger (3) by using an automatic fluorescence sequencer (ABI 373A, Perkin-Elmer) (4) and the primer walking strategy. Sequence comparisons and analysis of the promoter regions were performed with the MACMOLLY program package (Soft Gene, Berlin) and MATINSPECTOR, Ver. 1.0 (5) .
Chromosomal Localization. Chromosomal localization of the HCC-1 and HCC-2 genes was determined by PCR analysis (30 cycles) with DNA from the three murine͞human DNA hybrid cell lines CPS 324, 811, and 909 (Bios, New Haven, CT) as recommended by the supplier. The HCC-1-specific primer combination CC-1͞L1 and CC-1͞L2 was used. The amplified product was sequenced as described above.
RT-PCR. Total RNA was extracted from 10 7 cells (T84, HUH-7) or 10-30 mg of tissue (liver, tonsils, bone marrow) by using the RNeasy kit (Qiagen, Chatsworth, CA). RNA (5 g) was reverse transcribed by using oligo(dT) primers, and the integrity of the cDNA first strand was tested by the amplification of a ␤-tubulin fragment. For analytical RT-PCR, the first cDNA strand was amplified for 38 cycles by using the primer combinations CC-1͞X1͞INT-1, CCPF-7͞CCPF-19, CCPF-7͞INT-1, CCPF-7͞CC-3AS, and CC-3S͞INT-1. 5Ј rapid amplification of cDNA ends PCR for extension of the 5Ј terminus of the HCC-1 cDNA into the HCC-2 ORF was performed by reverse transcription of mRNA from 5 g of total RNA of T 84 cells by using the oligonucleotide CC-34b followed by dC-tailing of the cDNA first strands (6) . Three successive amplification steps were performed (first step: 35 cycles, oligonucleotides CC-34b͞IgU-6; second step: 25 cycles, oligonucleotides CCPF-2 and UNIP-6; third step: 35 cycles, oligonucleotides CCPF-4 and UNIP-6). The full length bicistronic HCC-2͞HCC-1 cDNA including the 3Ј terminus of the HCC-1 cDNA was amplified in two steps, 36 cycles each, from human liver first strand cDNA (first step: oligonucleotides EXCC-2A͞EXCC-2B; second step: oligonucleotides EXCC-2A͞ EXCC-2C) and subsequently cloned into the KpnI͞XbaI sites of the pcDNA3 cloning vector (Invitrogen).
Northern Blot Analysis. Commercially available tissue mRNA blots were used for Northern analysis (CLONTECH). The blots were hybridized at 60°C with radiolabeled PCR fragments spe-cific for HCC-2 (oligonucleotides CCPF-1 and CC-2͞XbaI) and HCC-1 (CC-1͞X1 and CC2͞1 SstI) according to the manufacturer's instructions followed by autoradiography.
Detection of the Transcriptional Start Points of the HCC-1 Gene. Primer extension was performed (7) by using 80 g of total RNA from human liver, tonsils, bone marrow, and HUH-7 cells with the oligonucleotide CC-1͞PE. Alternative transcription start points were investigated by RT-PCR (33 cycles) by using three different primers (CC-1͞T1, CC-1͞T2, and CC-1͞X1) in combination with the primer INT-1.
Expression and Purification of HCC-2. Recombinant HCC-2 was expressed in Pichia pastoris by using the pPIC9 vector (Invitrogen). A fragment encoding the amino acid residues 21-113 of the HCC-2 precursor was generated by PCR by using the primers EX1 and EX2 and was inserted after cleavage with XhoI and EcoRI beneath the coding region for the ␣-factor and a KEX recognition site. The resulting vector pPIC-CC2 was propagated into yeast spheroblasts after linearization with BglII. Recombinant clones were screened by immunodot blotting by using a polyclonal rabbit anti-HCC-2 serum. HCC-2-secreting yeast cells were cultured in shaking flasks (250 ml) at 30°C with different media. The main secreted form of HCC-2 was purified by RP-and cation exchange HPLC, checked by capillary zone electrophoresis and microbore RP-HPLC, and analyzed by amino acid sequencing and MS analysis (matrix-assisted laser desorption ionization-MS, LC-MS coupling). MS analysis also was carried out after carboxamidomethylation of the purified rHCC-2 to determine free sulfhydryl groups. Enzymatic degradation of the recombinant molecule was carried out in two subsequent steps by using trypsin and chymotrypsin. HPLC-separated fragments were characterized further by sequence analysis and electrospray ionization-MS to localize the disulfide bonds.
Biological Assays. Monocytes (8) , lymphocytes (9) , and neutrophils (10) were isolated according to established methods. The release of N-acetyl-␤-D-glucosaminidase from monocytes (8) and the release of elastase from neutrophils were tested as described (10) . Chemotaxis was assessed in 48-well chambers (Neuroprobe, Cabin John, MD) by using polyvinylpyrrolidone-free polycarbonate membranes (Nucleopore, Neuroprobe) with 5-m pores for 5 ϫ 10 4 monocytes, eosinophils, and neutrophils and 3-m pores for 10 5 lymphocytes (11). All assays were carried out in triplicate, and the migrated cells were counted in five randomly selected fields at 1,000-fold magnification after migration for 30 min (polymorph nuclear neutrophils) or 1 h (monocytes, eosinophils, and lymphocytes). Changes in the cytosolic free Ca 2ϩ concentration ([Ca 2ϩ ] i ) were measured in monocytes, eosinophils, neutrophils, and lymphocytes loaded with Fura-2 (12). Receptor desensitization was tested in monocytes, eosinophils, neutrophils, and lymphocytes by monitoring [Ca 2ϩ ] i changes upon repeated chemokine stimulation at 90-s intervals (8) .
RESULTS

HCC-1 and HCC-2 Genes.
Analyzing the 5Ј-flanking region of the gene encoding HCC-1 (1), we identified an adjacent gene encoding a CC chemokine, HCC-2. 5Ј-rapid amplification of cDNA ends-PCR of the HCC-1 cDNA and analysis of the 20-kbp insertion in the phage clone that was isolated during the genomic screening for HCC-1 showed that an additional ORF of 339 bp encoding HCC-2 (113 amino acids, calculated M r 12, 238, pI 7.9) was located upstream of the HCC-1 ORF. The two genes are separated by 12 kbp and reside in a head-to-tail orientation ( Fig. 1 ) on chromosome 17 (data not shown), which is in agreement with the YAC contig-based mapping of human CC chemokine genes on chromosome 17q11.2 (13) .
Like other human CC chemokine genes, the HCC-1 gene consists of three exons and two introns ( Fig. 1 A) . The promoter was identified by primer extension and RT-PCR analysis by using total RNA from human liver, tonsils, bone marrow, and HUH-7 hepatoma cells. No sequence homology to promoters of other chemokine genes was found. The region contains putative binding sites for the transcription factors Myc-Max (Ϫ332 to Ϫ319) (14) , E47 (Ϫ684 to Ϫ699) (15), and AP-2 (Ϫ243 to Ϫ236 and Ϫ750 to Ϫ757) (16) . In contrast, the HCC-2 gene consists of four exons and three introns (Fig. 1B) , and the promoter contains putative binding sites for the transcription factors IRF-2 (Ϫ357 to Ϫ345) (17), ELK-1 (Ϫ46 to Ϫ61) (18) , and YY-1 (Ϫ738 to Ϫ756) (19) .
Transcripts of the HCC-2͞HCC-1 Gene Complex. Recently, an HCC-1-specific expressed sequence tag (EST) clone was described (GenBank accession no. R99672) that lacks the first 16 nucleotides of exon E1Ј of the HCC-1 gene but has a 5Ј-terminal extension of 150 nucleotides (Fig. 1 A) . As determined by se- (1998) quence comparison, this region is represented within the HCC-2 gene. From the arrangement of the genes encoding HCC-2 and HCC-1 on chromosome 17 and the nucleotide sequence of the EST clone R99672, the existence of a mature bicistronic mRNA is obvious (Fig. 1) . To ascertain that the bicistronic HCC-2͞ HCC-1 transcript is generated in normal cells, we amplified the full length cDNA from adult liver cDNA. The complete transcript of 925 nucleotides contains the HCC-2 and the HCC-1 ORF and has the same 3Ј-nontranslated region as the monocistronic HCC-1 mRNA. As shown in Fig. 2 , the two ORFs are separated by 104 nucleotides. In addition to the EST clone R99672, which represents part of the bicistronic HCC-2͞HCC-1 cDNA, we found two HCC-2 cDNA fragments within the EST database (GenBank accession numbers R16807 and H62013), which are indicative of monocistronic HCC-2 mRNA (Fig. 1B) . The 3Ј-nontranslated region of these clones matches the first 95 bases of the intron ␦ (which is the intergenic sequence in monocistronic expression), suggesting that the corresponding mRNA is derived from the same gene. Not present in the exon ␦ of the bicistronic transcripts (Fig. 1C) , this mRNA contains an AAUAAA motif 72 nucleotides downstream of the exon ␦͞intron ␦-splice junction serving as a signal for cleavage and polyadenylation of the transcript. The fourth exon of the monocistronic HCC-2 transcript is designated as exon ␦' (Fig. 1B) .
The expression of the bicistronic and monocistronic transcripts was assessed by Northern blot analysis in several tissues (Fig. 3) . Monocistronic HCC-1 mRNA was highly expressed in all tissues examined except brain, placenta, and leukocytes, whereas monocistronic HCC-2 mRNA was only detectable in the colon and, at low levels, in the small intestine and liver. The bicistronic HCC-2͞HCC-1 transcript occurred in colon and liver. A third transcript hybridizing with the HCC-1-specific cDNA probe was detected in the testis and liver.
Expression and Analysis of HCC-2. The main form of HCC-2 secreted by the recombinant yeast strain used for expression was a protein of 66 amino acids. At more than 99% purity, HCC-2 had a mass of 7,204 Ϯ 1.3 Da (Fig. 4) . The mass value remained unchanged after carboxamidomethylation, indicating the absence of free sulfhydryl groups. Analysis of proteolytic fragments clearly showed that the two additional cysteines (Fig. 5 , Cys c and f) form a disulfide bond (data not shown). In Fig. 5 , HCC-2 is aligned with several related human CC chemokines. It shares 68% identical amino acids with CK␤8 (20), a recently identified chemokine with six cysteines at identical positions. The amino acid sequence identity of HCC-2 with MIP-1␣, HCC-1, and I-309 was 56%, 39%, and 33%, respectively.
Chemotaxis. HCC-2 was tested as a potential chemoattractant for neutrophils, eosinophils, monocytes, and lymphocytes. As shown in Fig. 6 A-C, HCC-2 induced migration of monocytes, eosinophils, and lymphocytes with a typical bimodal concentration dependence. No activity, however, was found on neutrophils. In monocytes, HCC-2 was as potent as MIP-1␣ and monocyte chemoattractant protein (MCP)-1, as indicated by the concentration (1 nM) at which maximum migration was observed and had an intermediate efficacy (numbers of migrated cells). On eosinophils, HCC-2 and MIP-1␣ had similar chemotactic activity. They were both more potent, but less efficacious, than eotaxin. HCC-2 also induced the migration of interleukin 2-conditioned T lymphocytes but was considerably less effective than MCP-1 and MIP-1␣. In three independent experiments, the chemotactic index (mean Ϯ SD) was 7.2 Ϯ 2.4 for MCP-1, 4.0 Ϯ 0.8 for MIP-1␣, and 2.9 Ϯ 0.5 for HCC-2.
Enzyme Release. In view of the chemotactic activity observed, HCC-2 was tested as inducer of N-acetyl-␤-Dglucosaminidase release in monocytes. As shown in Fig. 6D , HCC-2 was as effective as MIP-1␣ and RANTES and was clearly superior to MIP-1␤. In agreement with the lack of chemotaxis, HCC-2 did not induce elastase release in neutrophils up to a concentration of 1,000 nM (data not shown).
[Ca 2؉ ] i Changes and Receptor Usage. HCC-2 elicited a marked, transient rise in [Ca 2ϩ ] i in monocytes and eosinophils. Weak responses were observed in lymphocytes and, interesting to note, in neutrophils (Fig. 7) . [Ca 2ϩ ] i changes after repeated stimulation were monitored to assess receptor usage. Complete cross-desensitization between HCC-2 and MIP-1␣ was observed in monocytes, eosinophils, and neutrophils, indicating that both chemokines fully share receptors on these cells. In monocytes, cross-desensitization also was observed between HCC-2 and RANTES or MIP-1␤ (data not shown). On the other hand, stimulation with HCC-2 did not affect the response of monocytes to MCP-1, indicating that CCR2, the MCP-1 receptor, does not recognize HCC-2. In eosinophils, no cross-desensitization was observed between HCC-2 and eotaxin, indicating that HCC-2 does not act with high affinity on CCR3. Lymphocytes express receptors that recognize MIP-1␣ and HCC-2. The response to HCC-2 was abrogated by pretreatment with MIP-1␣, whereas the response to MIP-1␣ was only slightly attenuated by pretreatment of HCC-2. These observations suggest that lymphocytes may express receptors that recognize MIP-1␣ but not HCC-2. We can, however, not exclude the point that MIP-1␣ and HCC-2 bind to the same receptors, with MIP-1␣ having a higher affinity.
DISCUSSION
HCC-2 is a chemokine whose gene is located on chromosome 17 in close apposition to the gene of HCC-1. Different transcripts for both were found, including a bicistronic mRNA. Because the two genes are separated by a 12-kbp region, the bicistronic mRNA is Proc. Natl. Acad. Sci. USA 95 (1998) but are very rare in mammals. It has been reported that mammalian mRNAs contain short ORFs located upstream of the main coding region (for review see ref. 22 ), but their importance is unclear. An mRNA with two large ORFs has been described for the human and the murine growth͞differentiation factor 1 genes (23). Because growth͞differentiation factor 1 is encoded by the downstream ORF and was detected in tissues exclusively generating the bicistronic mRNA, the existence of an internal ribosome entry site within this mRNA was proposed (24) . Similarly, both ORFs within the HCC-2͞HCC-1 bicistronic mRNA, which is generated in colon and liver, code for functional proteins. In view of the close proximity of the two genes, however, it is interesting that monocistronic HCC-1 mRNA is expressed at high levels in many different tissues whereas HCC-2 mRNA only was found in intestine and liver. A third transcript of 1.5 kb was detected in liver and testis by using a HCC-1-specific probe. The nature of this mRNA is still unknown. The occurrence of bi-or even polycistronic mRNA may represent a mechanism for the fine-tuning of chemokine gene expression. Unlike other human CC chemokine genes, the HCC-2 gene consists of four exons and three introns, a gene arrangement that was reported for the murine CC chemokine C10 (25) . Exon 2 codes for a 20-amino acid stretch in the NH 2 -terminal region of HCC-2 (16 amino acids for C10), which does not occur in other CC chemokines. It is possible that CK␤8, which contains six cysteines and is structurally closely related to HCC-2, exhibits the same four-exon-three-intron gene structure. HCC-1 and HCC-2 belong to the CC chemokines that, on the basis of sequence similarity, can be subdivided into two subgroups, one including the MCPs and eotaxin and the other including RANTES, MIP-1␣, MIP-1␤, and CK␤8 (26) . HCC-1 and HCC-2 clearly belong to the second group. Like the human CK␤8 and the murine C10 (25), CCF18͞MRP-2 (27) , and MIP-1␥ (28), HCC-2 has six instead of four conserved cysteines. As shown by the present data, the two additional cysteines of HCC-2 form a third disulfide bond. Because the positions of the additional cysteines are conserved, it can be assumed that the third disulfide bond also occurs in CK␤8 and the murine homologues. The additional disulfide fixes the COOH-terminal region to the core of the molecule and is likely to restrict its mobility to a great extent. Ongoing NMR studies will clarify the threedimensional structure of this type of chemokine in comparison to CC chemokines with four cysteines where the distal COOHterminal region is disordered conformationally (29, 30) .
The biological activities of HCC-2 were tested on peripheral blood leukocytes. HCC-2 shows striking functional similarity to MIP-1␣. HCC-2 is a chemoattractant with high potency for monocytes and eosinophils, like MIP-1␣ (31) . It mainly interacts with the receptors for MIP-1␣ as shown by cross-desensitization experiments. Full cross-desensitization between HCC-2 and MIP-1␣ on eosinophils and neutrophils clearly suggests that HCC-2 acts via the RANTES and MIP-1␣ receptor CCR1. It has been shown previously that CCR1 (32) is expressed at low levels in eosinophils and neutrophils (33) . The present desensitization experiments showed a complete lack of cross-desensitization between HCC-2 and MCP-1 on monocytes and HCC-2 and eotaxin on eosinophils, indicating that HCC-2 does not interact with high affinity with the corresponding receptors, CCR2 and CCR3. The lack of functional responses on neutrophils, where only minor [Ca 2ϩ ] i changes were observed, is not surprising because similar results were obtained previously with MIP-1␣ (34) . In lymphocytes, HCC-2 induced only weak calcium fluxes and chemotaxis. The fact that MIP-1␣ was significantly more effective suggests the involvement of receptors that are recognized by MIP-1␣ but not by HCC-2. Except for this difference, our results indicate that HCC-2 is biologically more related to MIP-1␣ than to any other known chemokine.
Note. Meanwhile, two additional papers on a chemokine identical to HCC-2 have been published. In these papers, the CC chemokine is designated as MIP-5 (35) and leukotactin-1 (36), respectively. The data reported are mainly in agreement with the data of our group. However, the organization of the HCC-2͞ HCC-1 gene complex is not reported within these papers.
